This paper reviews the experimental activities since 1979 for the study of the spin polarization of photoelectrons emitted by atoms and molecules exposed to VUV radiation. Two series of studies have been performed: First, using unpolarized and linearly polarized radiation the photoionization of the rare gases Ar, Kr, and Xe has been studied in an angle-, energy-, and spin-resolved photoemission experiment.
I. Introduction
One novelty in photoionization is the fact that photoelectrons ejected from unpolarized atoms can be spin polarized, if the light is circularly polarized or even unpolarized. It is necessary to know these spin polarization values to determine the matrix elements of the dipole operator as well as the difference between the phases of the continuum wave functions. Photoionization cross section, angular distribution, and spin polarization experiments complement each other in reaching a full understanding of the photoionization process.
Cherepkov 1 and Lee 2 have pointed out that the photoionization process arising from the outermost subshell for most atoms (alkalis and rare gases, for example) is described by five parameters, which are functions of the photon energy and the kinetic energy of the photoelectrons. These five parameters can be determined by five types of measurement.
In the first three types of experiment unpolarized radiation may be used:
(1) measurement of the photoionization cross section;
(2) determination of the asymmetry parameter i describing the angular distribution of the differential spin down, perpendicular to the reaction plane given by the directions of incoming photon and outgoing electron. Nt -Nj is proportional to t sinO cosO, where 0 is the angle between the two directions described above, and the parameter determines the size of P.
In the fourth and fifth experiments, where circularly polarized radiation has to be used, one observes the spin transfer from the photon to the electron: (4) measurement of the average spin polarization (parallel or antiparallel to the photon spin) if all the photoelectrons produced are extracted by an electric field regardless of their direction of emission (Fano ef- (5) determination of the parameter a describing the angular dependence of the photoelectron polarization in the direction of the photon spin transferred.
It is the purpose of this paper to give a survey of the polarization experiments of types (3) and (4) performed in the past year and to show, using the photoionization of Xe, what can be learned from the results of these experiments.
II. Angle-, Energy-, and Spin-Resolved Photoemission Experiments of Rare Gas Atoms Exposed to Unpolarized Radiation
Spin polarization of photoelectrons ejected by unpolarized light from unpolarized targets was first found in lead atoms. 4 But in contrast to the lead experiment where the photoelectron emission studied was only angle-and spin-resolved, in the experiments on rare gases 5 6 the analysis of the photoelectrons has also been resolved with respect to the photon energy and the kinetic energy of the photoelectrons.
The complication in such polarization measurements is that they combine the intensity problem of photoelectron spin analysis with the difficulties of photoelectron angular-and energy-distribution experiments. Fig. 1 . The VUV radiation crosses the atomic beam in a region free of electric and magnetic fields. The photoelectrons produced pass through an electron spectrometer (CMA) and are accelerated to an energy of 120 keV for analysis of spin polarization, determined by the left-right asymmetry of the electron intensity scattered through 1200 by the gold foil of the Mott detector.
In contrast to the photoionization experiment using linearly polarized radiation, 8 
(verifying the sin0 cosd-proportionality mentioned above) in the experiment using unpolarized radiation (Fig. 1) , the angles 0 are the magic angles +0 = i 5 4°4 4 ', because at these angles the determination of t is independent of the knowledge of the asymmetry pa-
Figure 2 shows the parameter t and the polarizations measured as functions of the wavelength for Ar, Kr, and Xe. The polarization of photoelectrons associated with the 2 P 1 / 2 and 2 P 3 / 2 states of the residual ions differs in sign for all atoms, which shows the necessity of resolving the fine structure by use of the electron spectrometer.
The experimental results given in Fig. 2 show, within the error limits, good agreement with the theoretical curves. In Fig. 2 full lines 9 are calculated using the relativistic random phase approximation (RRPA), dotted lines' 0 are calculated using the random phase approximation with exchange (RPAE), and dasheddotted curves are calculated using multichannel quantum defect theory (MQDT)" taking the experimental data from Ref. 12 .
It is worth noting that the magnitude of the electron polarization does not depend on whether the spin-orbit interaction, which is responsible for the existence of the polarization, is strong or weak but only on whether the ionic fine structure splitting is resolved. While this fine structure splitting is seven times larger in Xe than in Ar, the magnitudes of the polarization measured are nearly the same for Ar, Kr, and Xe (see Fig. 2 ).
Ill. Fano Effect with Circularly Polarized Synchrotron Radiation
Experimental studies of the polarization of photoelectrons produced by circularly polarized radiation are hampered by the fact that most atoms and molecules have their ionization thresholds in the VUV, where conventional methods for producing circularly polarized radiation break down. Such experiments can, however, be performed with synchrotron radiation. The synchrotron emission is linearly polarized in the plane of the synchrotron, but above and below the plane it is largely circularly polarized.
A schematic diagram of the apparatus, 1 1 " 3 built at the 2.5-GeV synchrotron in Bonn, is shown in Fig. 3 . A 10-m normal incidence monochromator with a plane holographic grating (4960 lines mm-') and a concave mirror that produces a one-to-one image of the electron beam in the exit slit was built. The radiation coming from the electron beam (within an accepted horizontal angle of 22 mrad) is cut off in the vertical direction by an aperture, which is able to move up and down for selecting radiation of left-or right-handed circular polarization. The radiation coming through the exit slit had a bandwidth of 0.05 nm. After passing through the atomic beam, it was analyzed polarimetrically by successive reflections from four gold mirrors (shown in Fig.   3 ) in a rotatable analyzer, or its absolute intensity was measured by a double ionization chamber of the Samson' 4 type (not shown in Fig. 3 .) The circular polarization of the radiation emitted into an angular vertical range from 1 to 3.5 mrad with respect to the synchrotron plane has been measured"",1 3 to be -83 3% for the spectral range from 50 to 100 nm. The intensity of the circularly polarized radiation was measured there' 5 to be between 109 and 1010 photons sec'.
The photoelectrons produced were extracted by an electric field regardless of their directions of emission It is worth noting that polarized electrons have also been found in the past months in Ag atoms 2 2 in an experiment using a conventional radiation source and an MgF 2 circular polarizer 2 3 in the wavelength range between 150 and 160 nm.
IV. Conclusion
As pointed out in Sec. I, spin polarization results are needed in addition to the cross section values and the angular distribution to reach a complete understanding of the photoionization process. To show that it is possible in, for example, Xe to determine experimentally all matrix elements of the dipole operator as well as the phase differences of the continuum wave functions, in Fig. 7 the results for a certain bound-free transition are given: A bound P1/2 electron is able to WiM Et~
